Gynaephora menyuanensis
(Lepidoptera: Lymantriidae) is a plateau lawn moth known locally as the grassland caterpillar. It is found only in the northern portion in the Qinghai-Tibetan Plateau of western China, where it is a major pest in alpine meadows. During outbreaks, the numerous larvae (Ϸ400 Ð 800/m 2 , but the number may exceed 1,000/ m 2 ) can devour all aboveground herbage and lead to serious shortage of fodder vegetation and increase mortality rate of overwintering for livestock and wildlife. More importantly, the cocoons of G. menyuanensis remain in the meadow and can cause skin irritations and itchy blisters (Ϸ1Ð2 mm in diameter), which result in mouth mucous membrane canker and broken tongue disease in domestic animals and wildlife, preventing the animals from foraging and eventually leading to their death (Qiu et al. 2004) . When this effect was Þrst discovered, it aroused much government attention. That the grassland caterpillars damage meadow vegetations above middle density (Ͼ100 larvae per m 2 ) for a long time can cause rangeland degradation (i.e., serious decline in rangeland productivity with the depletion of high-value fodder species and replacing them with plants that are less productive, less palatable, and less nutritious, thereby forming a large area of secondary barren ground when seriously degradation), alpine meadow entering a withering period 1 mo early, environmental aggravation, and loss of biodiversity (Ma and Lang 2000) . Preliminary investigations suggest that G. menyuanensis occurs across Ϸ1.3 million ha of alpine meadow used for grazing and causes nearly US$1 million in herbage loss and chemical control costs annually (Ma 2002) .
G. menyuanensis was virtually unknown before 1960s and was only recently described by Yan et al. (1997) based on specimens collected from Menyuan, Yushu, and Goluo in China. In spite of the chemical insecticide applications to control it every year, little is known about its distribution, biology, and taxonomic identity. There are no reports on the host range, ecology, or biology of G. menyuanensis, and such information is critical to determine damage levels, forecast population dynamics and the appearance of the pest by stage, develop integrated pest management programs, and explore new types of control methods.
In 1990, we began studying the abundance, distribution, taxonomy, biology, and ecology of G. menyuanensis in the alpine meadow of the Qinghai-Tibetan Plateau. From this work, we report here the instar numbers, body length, body mass, stadium duration, life cycle, relationship of head capsule width (HCW) to body length and mass, and the relationship of instar to HCW, body length, body mass, and stadium, which is merely a part of a series of studies on the biological and ecological aspects of G. menyuanensis. Because the abiotic and biotic environments of Qinghai-Tibetan Plateau are similar to Arctic tundra, with long, severe winters and short, cool summers (Zhao and Zhou 1999) , we compared G. menyuanensis with two congeneric species occurring in the Arctic: Gynaephora groenlandica (Wö cke), which is limited to Greenland and the islands of the Canadian arctic archipelago, and Gynaephora rossii (Curtis), which occurs over most of the North American Arctic (excluding Greenland) and Siberia, with isolated populations in alpine areas of Japan, New England, and the southern Rocky Mountains (Ferguson 1978, Mølgaard and Morewood 1996) .
Materials and Methods
This combined laboratory and Þeld study was conducted from 1990 to 1991 and from 2000 to 2004 at the Haibei Alpine Meadow Ecosystem Research Station (37Њ 29Ј-37Њ45Ј N, 101Њ12 Ј-101Њ 33Ј E; elevation 3,200 Ð 3,300 m) of the Chinese Academy of Sciences, Menyuan County Ϸ155 km north of Xining, the capital of Qinghai Province in China. The site has been the subject of many alpine meadow ecological studies (Zhao and Zhou 1999) . The climate is typical of continental alpine areas with short, cool summers. Annual mean temperature is 0.6ЊC (range, from 30.5ЊC in July to Ϫ35.0ЊC in January); mean temperature is Ϫ13.0ЊC in January and 10.9ЊC in July; annual mean precipitation is 526.5 mm, of which 67.79% occurs between June and September; and the annual mean relative humidity is 65Ð70%. Temperature sums Ն5ЊC are 1,042.0 degree-days (Yang 1982) . The annual average sunlight is 2,657.4 h with 60.1% total available sunshine. There are three types of grassland in the research area: alpine shrub, alpine meadow, and swamp. The habitat of G. menyuanensis is an extensive alpine grassland called Kobresia humilis meadow community (Zhou and Li 1982 (Le et al. 1982) . Because nutrients exist mostly in organic matter and the mineralization process is weak, the soil often has a low availability of nutrients, especially N and P.
Laboratory Experiments. Cocoons with eggs were collected from the Þeld annually (1990 Ð1991 and 2000 Ð2004) in late August. Eggs were pulled from cocoons and disinfected in a 20% formalin solution for 30 min, rinsed several times with distilled water, and then held on moist Þlter paper in petri dishes at room temperature (20ЊC) until hatching. Newly emerged larvae then were transferred into 50-ml clear cups with plastic screen lids, and moved outdoors below grasses to overwinter under Þeld conditions. In early April of the following year when host plants began to bud, Þrst instars were returned to the laboratory.
The larvae were allowed to complete their development in individually numbered petri dishes (9 cm in diameter and 1.8 cm in height) held at a constant temperature of 20 Ϯ 1ЊC and photoperiod of 17:7 (L:D) h. Two Þlter papers on the bottom of each dish were kept moist with laboratory tap water to increase humidity. Polyethylene cups of similar sizes (Ϸ500 ml) also were used in the later rearing. Larvae were fed fresh leaves of mixed food plants (E. nutans, F. ovina, K. humilis, and K. pygmae) that were collected from the K. humilis alpine meadow community near the research station and disinfected with a 0.5% sodium hypochlorite solution that was thoroughly rinsed off with water. Host material was renewed daily. Data recorded included stadium duration; HCW; wet mass; body length; and the time of molting, pupation, and adult emergence. Ten to 30 larvae were randomly picked and preserved in 70% alcohol on the sixth day after each molt. The number of instars was determined from the individual rearing data or by the number of head capsules cast off at each molt and the HCW of each instar. Larval HCWs were measured at their widest point by using an ocular micrometer under a binocular microscope (10ϫ magniÞcation). We weighed larvae daily to determine their masses by using an electronic balance. Body length of larvae preserved in 70% alcohol was determined with a rider bar ruler. Sex was ascertained during the pupal or adult stage.
Field Observations. In the K. humilis meadow community near the research station, we chose an area of Þeld homogeneity (Ϸ10 ha) and fenced it with barbed wire to prevent cattle and sheep from disturbing the caterpillars inside. At the center of the area, larvae were placed in cages (100 cm in width by 100-cm base by 50 cm in height) constructed of 32-mesh (0.5 mm) nylon window screen cloth to reduce the effects of natural enemies. The cages were arranged randomly in a rectangular grid of four by Þve cages spaced at 5-m intervals. The soil was banked Ϸ3 cm up the sides of each cage to prevent caterpillar escape. The ßoor in each cage was divided into 10 by 10 by 20 cm (length by width by height) rearing units constructed from a thin plank as described by Morewood and Ring (1998) . Three hundred overwintering Þrst instars were placed in 60 rearing units of each cage (Þve larvae per unit) on 10 September of each year from 1990 to 1991 and from 2000 to 2004. Each larval group was left in the rearing units until 5 September the following year. The 40 empty rearing units per cage were used to place larvae molted newly at the same day (Þve larvae per unit) to observe the stadium duration. Individuals in Þeld cages were observed daily, and 20 larvae taken out of same rearing units of each cage were weighed using an electronic balance daily and then put it back into the cages. Data recorded for individuals in the Þeld cages and the methods used for data collection were the same as those reported for laboratory-reared individuals. Five larvae (on sixth day after molt) were hand-picked on plants in each cage from 10 April to 10 August and on 5 September, and they were preserved in 70% alcohol. Voucher specimens were deposited in the entomology museum of Department of Grassland, Faculty of Agriculture and Animal Science, Qinghai University.
Data Handling and Statistical Analysis. Usually, the growth of width of the head capsule can be expressed by DyarÕs rule (Dyar 1890) or the quadratic equation of Gaines and Campbell (1935) . To determine whether HCWs of G. menyuanensis conform to the BrooksÐDyar rule, which holds that the HCWs of a given species tend to increase by the same ratio at all molts (Dyar 1890 , Daly 1985 , we used the exponential growth function Y ϭ a exp (bX) where X denotes the instar number, Y the mean HCW for that instar, and exp (b) denotes the growth ratio (Gargiullo and Berisford 1982) . After transforming the HCWs (reared from the laboratory and observed from Þeld cages) to natural logarithms, linear regression was used to estimate the constants a and b. Linear regression then was used to determine the relationship between instar and growth ratio, a relationship that should be nonsigniÞcant (i.e., slope of 0) according to the BrooksÐDyar rule (equal growth ratios for all instars). Data from insects reared for the life history study and observed in Þeld cages were combined and used to determine the number of larval instars of G. menyuanensis.
Statistical analyses were performed with the SSPS version 10.0 software (Lu 2002) . The procedures Regression-linear and Regression-curve models were used repeatedly with data from Þeld populations to determine the best-Þtting correlation types between HCW and body length, between HCW and mass, between HCW and stadium duration, between instars and HCW, between instars and body length, between instars and body mass, and between instars and stadium duration. HCW, body mass, body length, and stadium duration were compared between the laboratory and the Þeld by StudentÕs t-tests (Zar 1999) .
Results and Discussion

HCWs and Number of Instars
HCWs for all instars of laboratory-reared and Þeld-caged larvae ranged from 0.61 to 3.60 mm and from 0.57 to 4.12 mm, respectively (Table 1) . Mean HCWs of the Þrst through seventh instars of G. menyuanensis were 0.67, 0.87, 1.17, 1.54, 2.00, 2.59, 3.24 mm in laboratory-reared larvae and 0.68, 0.91, 1.22, 1.58, 2.06, 2.69, 3.45 mm in Þeld-reared larvae (Table 1) . Six (male) or seven (female) independently identiÞable ranges of HCW occurred in the samples from both the Þeld and the laboratory. There was no overlap in HCW among instars of G. menyuanensis (Table 1) . Therefore, each instar was easily identiÞable from HCW. Comparing the HCWs between Þeld-collected and laboratory-reared larvae with StudentÕs t-test showed no statistically signiÞcant differences (P Ͼ 0.01) for any instar except the seventh instar (Table 1) . Direct observation of the development of this insect revealed that G. menyuanensis has six (male) or seven (female) instars before pupating.
The logarithm of HCWs plotted against instar number resulted in a straight line (Fig. 1) , indicating a perfect geometrical progression as indicated by Gaines and Campbell (1935) . Regression of mean HCW and instar number yielded the constants a ϭ 0.51 and b ϭ 0.28 and thus a growth ratio [exp (b)] of 1.32 (P Ͻ 0.0001, r 2 ϭ 0.98). Growth ratios varied little between Þeld and laboratory populations (Table 1) . These results suggest that observed mean HCWs conformed to the BrooksÐDyar rule. The close Þt of the regression line, along with the calculation of DyarÕs constant (Dyar 1890) , indicates that no instar was overlooked. We concluded from our study that females of G. menyuanensis have seven instars, whereas males have six instars.
G. menyuanensis is similar to other Gynaephora species in some morphological features, but different in instar number. For example, G. groenlandica and G. rossii living in an Arctic region developed through seven larval instars and six larval instars, respectively; the former had mean HCWs in the Þrst through seventh instars of 0.70, 0.95, 1.28, 1.94, 2.41, 3.06, and 3.95 (Morewood and Ring 1998) and showed a growth ratio of 1.34. The latter had mean HCWs in the Þrst through sixth instars of 0.6, 0.85, 1.25, 1.75, 2.50, and 3.55 (Morewood and Lange 1997) . Mean HCWs of G. groenlandica for Þrst, second, and third instars and growth ratio were very similar to G. menyuanensis, but mean HCWs of older instars were different. HCWs of G. rossii for Þrst, second, and third instars were similar to G. menyuanensis, too, but greater in the later instars than of G. menyuanensis. The sexual dimorphism in instar number observed in G. menyuanensis was not observed in G. groenlandica and G. rossii.
Variability in the Þeld-collected specimens was greater than among laboratory-reared specimens, probably because growth rates were affected by natural variations in temperature, humidity, food availability, and intraspeciÞc competition (Chapman 1982) . For example, range of larval HCWs was 0.57Ð 4.12 mm in the Þeld and 0.61Ð3.60 mm in the laboratory. Statistically different mean HCWs between Þeld and laboratory specimens showed up only for the seventh instars. A possible explanation might be that the longer an individual is exposed to changing environmental conditions, the greater variation in growth rate; thus, older larvae and Þeld-collected larvae were more likely to show differences than were younger larvae and laboratory-reared larvae. Possibly, the signiÞcant differences in mean HCWs between Þeld and laboratory for seventh instars were due to shorter developmental time at the warmer temperatures in laboratory, resulting in smaller larval head capsules.
Larval Body Length
Mean body length of each instar from the Þrst through seventh was generally slightly less in the laboratory-reared than in the Þeld-collected specimens (Table 1) . StudentÕs t-tests, however, showed no statistically signiÞcant differences (P Ͼ 0.01).
Larval Body Mass
StudentÕs t-test comparing Þeld and laboratory populations showed no signiÞcant differences (P Ͼ 0.05) HCW, body mass, body length, and stadium duration by instar for laboratory-reared and field- in the body mass of the Þrst, second, third, or fourth instars but highly signiÞcant differences (P Ͻ 0.01) for the Þfth, sixth, and seventh instars ( Table 1) . The results indicated the better growth of G. menyuanensis under natural than laboratory conditions. Larval body size of G. menyuanensis is smaller than that of other congeneric species living in the Arctic. Full-grown larvae, mean body length, and mean body mass of G. rossii, and G. groenlandica are 3.95 Ϯ 0.20 mm and 295 mg and 3.55 Ϯ 0.20 mm and 338 mg, respectively Lange 1997, Ryan 1981) . Cushman et al. (1993) supposed that there is a trend of increasing body size with latitude.
Correlation Model
We attained the best Þt regression equations of HCW with body length, body mass, and instar, and of instar with body length, body mass, and stadium duration based on the experimental data (Table 2) . These results suggest that there are highly signiÞcant exponential correlations between instars and HCW, between instars and body length, between instars and body mass, and highly signiÞcant power function correlations between HCW and body length, and between HCW and body mass, and highly signiÞcant S correlations between instars and stadium duration. These relationships will be useful to calculate respiration metabolism of grassland caterpillars and population dynamic in future studies.
Stadium Duration
Larval Stadium. The Þrst, second, third, fourth, Þfth, sixth (&, (), and seventh (&) stadia of larvae averaged 240.30, 15.32, 14.58, 14.74, 13.86, 15.90 ((), 13.65 (&), and 16.28 (&) and 218.51, 7.07, 8.75, 8.30, 8.84, 12.15 (() (Table 1) . StudentÕs test showed highly signiÞcant differences (P Ͻ 0.01) in mean stadium duration of each instar between laboratory-reared larvae and Þeld-collected larvae, suggesting that larval development of G. menyuanensis was retarded by changes in ambient temperature.
Life Cycle in the Field. In the K. humilis alpine meadow, G. menyuanensis is univoltine. In the Þeld, a generation of G. menyuanensis requires 1 yr to complete. Mean developmental time observed from egg to adult was Ϸ346 d for males and 350 d for females, in which 21 d was spent as eggs, 310 (male) and 324 d (female) as larvae, and 15 (male) and 4 d (female) as pupae, with duration varying due to temperature in the alpine meadow. The Þrst instars were present from early September 1 yr to early May the following year; second instars were present from late April to late May; third instars were present from mid-May to midJune; fourth instars were present from late May to late June; Þfth instars were present from early June to early July; sixth instars were present from mid-June to lateJuly; and seventh instars were present from late July to mid-August. The pupae and cocoons were found from mid-July to late-August; adults from early August to early October in the Þeld, and eggs from early August to late-September. In some years, developmental phenology was advanced or delayed by Ϸ10 Ð15 d because of variable weather.
Adults. The females lived 15.50 Ϯ 7.34 d (maximum, 50 d) and the males lived 4.20 Ϯ 1.01 d (maximum, 6 d). Emergence of new adults from the pupae began in early August and continued for Ϸ4 wk to late August. Males occurred 2Ð 4 d earlier than females on the natural meadow. Adults were active diurnal ßiers.
Winged adult males ßy to the wingless females resident in the cocoon from 0900 to 1800 hours, about the Þrst day or the second day after emerging. After mating, the ßightless female laid an average of 156.80 Ϯ 5.82 eggs (range, 49 Ð300) in a single, conspicuous mass in the cocoon under S. superba. The preoviposition period of adult was 2.08 Ϯ 0.37 d (range, 1Ð3 d). Duration of oviposition was 12.0 Ϯ 6.20 d and females laid eggs Þve to six times. Most eggs were laid at the second and third oviposition.
Eggs. Eggs hatched after 19ϳ25 d (mean, 21.59 Ϯ 3.32 d). Cocoon-Þlled eggs were found under S. superba in the K. humilis alpine meadow.
Larvae. The duration of the entire larval period ranged from 300 to 325 d (mean, 310.30 d) for male and 310 Ð340 d (mean, 324.14 d) for female in the Þeld.
Obligatory diapause occurred during the period of Compared with arctic Gynaephora species, the developmental time to complete the larval stadium duration is shortest in G. menyuanensis (1 yr), a little longer in G. rossii (2Ð3 yr) (Schaefer and Castrovillo 1981) , and much longer in G. groenlandica (7Ð14 yr) (Kukal and Kevan 1987, Morewood and Ring 1998) . A possible explanation is that average temperatures and heat sum (July, mean Ͻ5.0ЊC, a year Ͻ600 d above 0ЊC) in the Arctic are lower than those (July mean Ͻ12.5ЊC, a year Ͻ2,000 d above 0ЊC) in the QinghaiTibetan Plateau (Downes 1964 , Yang 1982 , Strathdee and Bale 1998 , Zhao and Zhou 1999 . Strathdee and Bale (1998) concluded that the life cycles of polar invertebrates must be adapted to the prevailing condition of low winter and summer temperatures and short summer growing seasons to allow survival. Perhaps the most common adaptations to Arctic conditions are extensions of the development over several years.
The larvae of G. menyuanensis usually aggregated under vegetation when it was cloudy or windy or raining, and air temperature rapidly descended below 10ЊC, or when larvae prepared to molt or overwinter. This habit resulted in the spatial distribution of the grassland caterpillarÕs eggs, larvae, cocoons, pupae, and adult females exhibiting an aggregated pattern (Yan 1996) .
Reproductive adaptations in G. menyuanensis are well suited to the alpine environmental conditions. Protandry has been documented for this insect, and adult males often emerge before females. The males and females were a modiÞed nonfeeding form. Adult males are diurnally active on the K. humilis alpine meadow, rapid ßyers, and attracted to females in the cocoons by a pheromone that the female emits. The sedentary females mate and oviposit directly in their cocoons, features that probably enhance their survival under local conditions. These behaviors were similar to Arctic Gynaephora. There were evident differences in the sites and numbers of ovipositions: female G. menyuanensis laid 156.80 Ϯ 5.82 eggs in the cocoons, female G. rossii and G. groenlandica laid Ϸ79 eggs (Schaefer and Castrovillo 1981) on upright woody stems and Ϸ119 eggs (Kukal and Kevan 1987) on the cocoons. It seems that there is a tendency for Gynaephora species to lay more eggs as latitude decreases.
To our knowledge, our data represent the Þrst published report on the biology of G. menyuanensis. These data now can be used to develop a life table for G. menyuanensis, to further understand the biology and ecology of this pest, and to provide useful reference information for the study of other Gynaephora species.
